Objective: To determine the clinical relevance, if any, of traumatic intracranial findings on early head computed tomography (CT) and brain magnetic resonance imaging (MRI) to 3-month outcome in mild traumatic brain injury (MTBI). Methods: One hundred thirty-five MTBI patients evaluated for acute head injury in emergency departments of 3 LEVEL I trauma centers were enrolled prospectively. In addition to admission head CT, early brain MRI was performed 12 6 3.9 days after injury. Univariate and multivariate logistic regression were used to assess for demographic, clinical, socioeconomic, CT, and MRI features that were predictive of Extended Glasgow Outcome Scale (GOS-E) at 3 months postinjury. Results: Twenty-seven percent of MTBI patients with normal admission head CT had abnormal early brain MRI. CT evidence of subarachnoid hemorrhage was associated with a multivariate odds ratio of 3.5 (p ¼ 0.01) for poorer 3-month outcome, after adjusting for demographic, clinical, and socioeconomic factors. One or more brain contusions on MRI, and !4 foci of hemorrhagic axonal injury on MRI, were each independently associated with poorer 3-month outcome, with multivariate odds ratios of 4.5 (p ¼ 0.01) and 3.2 (p ¼ 0.03), respectively, after adjusting for head CT findings and demographic, clinical, and socioeconomic factors. Interpretation: In this prospective multicenter observational study, the clinical relevance of abnormal findings on early brain imaging after MTBI is demonstrated. The addition of early CT and MRI markers to a prognostic model based on previously known demographic, clinical, and socioeconomic predictors resulted in a >2-fold increase in the explained variance in 3-month GOS-E.
evidence that, within MTBI, there is a subset of patients who develop persistent dysfunction. [4] [5] [6] [7] [8] [9] To date, there remains a dearth of effective clinical, laboratory, and imaging markers in MTBI. The World Health Organization Collaborating Centre Task Force on MTBI has endorsed an urgent need for well-designed studies that determine risk factors for persistent impairment after MTBI, as a prerequisite for better triage to therapeutic interventions. 4 Such treatments include early educational intervention, structured cognitive-behavioral therapy, and early mild physical activity, which result in fewer symptoms, lower mean severity of symptoms, less social disability, and fewer days off work. 10, 11 Magnetic resonance imaging (MRI) is a standard imaging technique for the assessment of many brain disorders. Many recent studies, however, have reported that the acute focal traumatic lesions detected on early MRI in MTBI patients are not correlated with clinical outcome. 6, [12] [13] [14] [15] The implication of such studies is that the exquisite sensitivity of MRI, particularly at 3T, reveals numerous small lesions, such as axonal injury and small cortical contusions, that are clinically irrelevant. As a result, no consensus exists regarding the significance of such lesions, even among clinicians who routinely care for traumatic brain injury (TBI) patients. In many hospitals, in the absence of a lesion requiring surgical intervention, patients are discharged without follow-up care. In a geographically diverse study of 878 emergency department (ED) visits for MTBI in the United States, 16 9% of patients received no discharge recommendations; 28% were instructed to return to ED only as needed, without other follow-up; 19% were referred to primary care; and 42% were referred to another, unspecified physician. In contrast to computed tomography (CT) and MRI, certain clinical, demographic, and socioeconomic characteristics, including age, prior head injury, educational background, and employment status have been widely accepted as factors in poorer outcome after MTBI. 17, 18 In this study, we sought to assess the clinical relevance of early CT and MRI to 3-month outcome after controlling for such factors. Progress beyond mere definition of MTBI, toward evidence-based diagnosis, is essential for clinical trials that evaluate treatments and, ultimately, more effective triage to follow-up care. 4, [19] [20] [21] [22] Patients and Methods
Study Population
MTBI patients were enrolled at 3 LEVEL I trauma centers as part of the prospective multicenter TRACK-TBI (Transforming Research and Clinical Knowledge in Traumatic Brain Injury) study. Institutional review boards of participating centers (San Francisco General Hospital, University of Pittsburgh, and University Medical Center Brackenridge) approved all study protocols, and all patients or their legal representatives gave written informed consent. Inclusion criteria were GCS 13 to 15 upon ED arrival and triage to head CT to assess for traumatic intracranial injury using the American College of Emergency Physicians/Centers for Disease Control (ACEP/CDC) evidence-based joint practice guideline (Supplementary Table 1) . 23 To maximize the generalizability of study conclusions, the limited exclusion criteria included age < 15 years, LOC ! 30 minutes, PTA ! 24 hours, and contraindication to MRI. A total of 1,023 patients with GCS 13 to 15 upon ED arrival, and who underwent head CT for the indication of acute head injury, were screened to obtain the final study population of 135 study participants. , 2-tailed), likely due in part to the greater difficulty we experienced in coordinating outpatient MRIs for elderly patients, who related more difficulties in traveling to the outpatient imaging facility, and more frequently had problems with mobility at baseline. Mann-Whitney U test showed that the 135 participants had higher GCS scores (mean GCS, 15; median GCS, 15) than the 888 nonparticipants (mean GCS, 15; median GCS, 15; U ¼ 53,618, p ¼ 0.01). A chi-square test with Yates' continuity correction showed that gender did not differ significantly between participants (72%) and nonparticipants (67%; chi-square ¼ 0.85, p ¼ 0.36). LOC and PTA duration information were missing for many nonparticipants, so that some of the 888 nonparticipants may have sustained moderate rather than mild TBI on the basis of LOC > 30 minutes and/or PTA > 24 hours; therefore, the reported group difference in GCS may be exaggerated by the presence of moderate TBI patients in the nonparticipant group. Nonparticipants' socioeconomic data were not collected. Table 1 and Supplementary Figures 1 and 2 summarize clinical, demographic, and socioeconomic characteristics of participants and screened nonparticipant patients.
Evaluation of CT and MRI Studies according to TBI Common Data Elements
Each patient's head CT upon ED presentation and early brain MRI (12 6 3.9 days postinjury [mean 6 SD]) were characterized using the TBI common data elements (TBI-CDEs). The TBI-CDEs are consensus-based recommendations for data collection, data definitions, and best practices in TBI research established jointly by the National Institute of Neurological Disorders and Stroke, Defense Centers of Excellence, National Institute on Disability and Rehabilitation Research, and Veterans Administration. 19, 20, 22 Each CT and MRI was reviewed by a board-certified neuroradiologist blinded to demographic, socioeconomic, and clinical data except gender and age, and without concurrent access to patients' other imaging studies. CT and MRI parameters are presented in Supplementary Tables 2  and 3 . 
Outcome Measure
The primary outcome measure was the 8-point Extended Glasgow Outcome Scale (GOS-E) at 3 months postinjury, obtained through structured interview with each participant by research assistants trained to uniformly assess the GOS-E. The GOS-E is a well-validated, widely employed summary assessment of global function after MTBI suitable for clinical trials. Prospective studies have shown that outcomes as determined by the GOS-E are strongly and consistently associated with outcome category on numerous alternative functional scales.
24-28

Statistical Analysis
We performed univariate and multivariate ordinal logistic regression of 3-month GOS-E upon clinical, demographic, socioeconomic, and imaging features using SPSS Statistics 19 (IBM, Chicago, IL). We used ordinal logistic regression, an extension of binary logistic regression to the case of an ordinal outcome variable, 29 because it would not require arbitrary dichotomization of the ordinal 8-point GOS-E outcome measure. Such dichotomization of ordinal outcome variables discards valuable information and reduces statistical power to detect relationships between outcome and predictor variables, in some cases equivalent to discarding 1 =3 of the data. All ordinal regression analyses employed a standard logit link function. All multivariate models satisfied standard tests for parallel lines, confirming the proportional odds assumption. To provide sensitivity and specificity measures for the multivariate models, we dichotomized the 3-month GOS-E into scores of 8 versus 7 and below, and calculated the receiver operating characteristics (ROCs) for binary logistic regression analogs of the multivariate ordinal logistic regression models. We tested for statistically significant differences in area under the curve (AUC) for the different models using the method of DeLong et al. Figure 1 shows that MRI identified many more acute traumatic intracranial lesions than CT. Of 135 study participants, 27% had abnormal head CT (31 with acute intracranial injury and 6 with isolated skull fracture). Of 98 patients without CT evidence of skull fracture or acute intracranial injury, 27 (28%) had abnormal MRI, including 23 patients with hemorrhagic axonal injury, 3 patients with brain contusions, and 4 patients with extra-axial hematomas. Figure 2 shows the more extensive pathology demonstrated by MRI compared to CT in 3 representative cases.
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Univariate Ordinal Logistic Regression: 3-Month GOS-E versus Age, Gender, GCS, LOC/PTA, Prior TBI, Education, Employment Status, and CT and MRI TBI-CDEs First, we performed univariate ordinal logistic regression to assess for associations between the 3-month GOS-E and 7 clinical and demographic/socioeconomic characteristics previously shown to be correlated with outcome in TBI. Participants with prior TBI resulting in acute medical evaluation, adults lacking high school diploma or equivalent, and unemployed adults had significantly worse outcomes at p 0.05 (see Table 2 ). In contrast, age, gender, GCS upon ED arrival, and LOC/PTA were not statistically significant univariate predictors at p 0.05.
Next, we performed univariate ordinal logistic regression of 3-month GOS-E upon 8 TBI-CDEdefined types of pathoanatomic injuries observed in our study population (see Table 2 ). Presence of one or more brain contusions on MRI was associated with a statistically significant reduction of 3-month GOS-E, with an odds ratio of 3.5 per unit decrease in 3-month GOS-E (p ¼ 0.004). Presence of !4 foci of hemorrhagic axonal injury on MRI was associated with a statistically significant odds ratio of 3.0 (p ¼ 0.03). Subarachnoid hemorrhage (SAH) on CT was associated with a statistically significant odds ratio of 2.5 (p ¼ 0.05). Abnormal head CT, defined as presence of any TBI-CDE abnormality (ie, not stratified according to individual TBI-CDE pathoanatomic features), was not a statistically significant predictor (p ¼ 0.35).
To test for a main effect of patient recruitment site upon 3-month GOS-E, we performed the Kruskal-Wallis test, which demonstrated no statistically significant difference in 3-month GOS-E across the 3 recruitment sites (chi-square ¼ 0.75, df ¼ 2, p ¼ 0.69, 135 subjects). We also performed univariate ordinal logistic regression of 3-month GOS-E upon site, in which site was found to not be a statistically significant predictor (p ¼ 0.67).
Finally, to investigate the possibility of interactions among patient recruitment site and the predictors, ordinal logistic regression of 3-month GOS-E upon each predictor in Table 2 plus the interaction term, site*predictor, was performed. The odds ratio and significance level for each interaction term, site*predictor, when added to the main effect of the predictor, were calculated. No interaction term, site*predictor, was statistically significant when added to the main effect of the predictor.
Multivariate Ordinal Logistic Regression
Next, we evaluated 3 different multivariate models of the 3-month GOS-E, based on the following different sets of predictive variables: (1) clinical and demographic/socioeconomic features only; (2) clinical, demographic/socioeconomic, and head CT features; and (3) clinical, demographic/socioeconomic, head CT, and brain MRI features. In all 3 models, only clinical, demographic/socioeconomic, CT, and MRI features that were statistically significant univariate predictors at p 0.05 were included.
MODEL 1: CLINICAL AND DEMOGRAPHIC/SOCIOE-
CONOMIC FEATURES ONLY. Our simplest multivariate model was based solely on clinical and demographic/ socioeconomic features that were statistically significant univariate predictors at p 0.05. These were history of prior TBI, educational background, and employment status. This model was statistically significant (chi-square ¼ 12.7, p ¼ 0.005), and explained between 9.5% (Cox and Snell pseudo-R 2 ) and 10.2% (Nagelkerke pseudo-R 2 ) of the variability in 3-month GOS-E (see Table 3 , Model 1). ) of the variability in 3-month GOS-E (see Table 3 , Model 2). The strongest predictor of outcome in this model was CT evidence of SAH, with multivariate odds ratio of 3.5 (p ¼ 0.01). ) of the variability in 3-month GOS-E, a greater than 2-fold increase from Model 1 that was based solely on clinical and socioeconomic features. The strongest predictor of poor outcome in Model 3 was presence of one or more brain contusions, with a multivariate odds ratio of 4.5 (p ¼ 0.01). This indicates that patients with one or more brain contusions were 4.5 times more likely to have 3-month GOS-E 7 than those without brain contusion. Presence of !4 foci of axonal injury was also a statistically significant predictor in this model, with a multivariate odds ratio of 3.2 (p ¼ 0.03) per unit reduction of 3-month GOS-E.
In Model 3, the odds ratio for CT evidence of SAH dropped to 1.3 from its univariate value of 2.5, and it was no longer statistically significant (p ¼ 0.70 as a multivariate predictor in Model 3, compared to p ¼ 0.05 as univariate predictor). This raised suspicion for collinearity between CT evidence of SAH and one or more other predictors. We therefore performed Spearman correlation analysis of the predictors (Supplementary Table 4) . This indeed revealed a strong, highly significant correlation (q ¼ 0.58, p ¼ 3 Â 10
À13
) between MRI evidence of contusion and CT evidence of SAH. In contrast, hemorrhagic axonal injury demonstrated only weak correlation with other imaging features. No imaging feature demonstrated significant correlation with demographic, clinical, or socioeconomic predictors. Of note, number of foci of hemorrhagic axonal injury on MRI was not significantly correlated with age or history of prior TBI, and thus unlikely to be predominantly attributable to old TBI, hypertensive vasculopathy, or cerebral amyloid angiopathy, rather than the acute TBI event leading to participation in the current study. Finally, weak correlations among history of prior TBI, education, and employment status were seen, accounting for the slight drop in odds ratios for these features in the multivariate models (see Table 3 ) compared to their univariate odds ratios (see Table 2 ). Figure 3 shows ROCs for binary logistic regression analogs of the multivariate ordinal logistic regression models from Table 3 , for a dichotomization of the 3-month GOS-E into scores of 8 versus 7. As expected from the results in Table 3 , Figure 3 shows that the AUC increases progressively for Models 1, 2, and 3. Dichotomization of the GOS-E into scores 7 and 8 versus 6, and scores 6 to 8 versus 5, yielded qualitatively similar results.
ROC Analysis
All 3 binary logistic models in Figure 3 significantly exceeded the AUC for Model 2 (p ¼ 0.04) and the AUC for Model 1 (p ¼ 0.007). The AUC for Model 2 was not significantly greater than that for Model 1 at p 0.05, although there was a trend toward significance (p ¼ 0.10); in light of the results in Table 3 , this may be attributable to the loss of ordinal information contained in the GOS-E, and decreased power of the binary models.
Discussion
There is evidence that a subset of MTBI patients have significant alterations in neuropsychiatric functioning within weeks to months of injury, and approximately 15% have measurable deficits at 1 year. [5] [6] [7] [8] [9] 34 There is also growing recognition that current classification schemes for TBI based on GCS are severely limited, with small mean effect sizes in long-term impairment potentially obscuring differences among diverse subgroups of TBI patients with very different prognoses. 21, 35 To date, no consensus exists on the clinical relevance, if any, of traumatic focal lesions on brain imaging studies in MTBI. Regarding CT, most studies have demonstrated a correlation between intracranial hemorrhage on admission head CT and acute and long-term neuropsychiatric deficits in MTBI, 34, 36, 37 whereas a few studies have found no correlation, 38 only a weak correlation far outweighed by demographic factors, 39 or even a better long-term outcome associated with intracranial hemorrhage. 40 Regarding MRI, it has been shown that MRI at both 1.5 and 3T has far superior sensitivity to CT for small, focal traumatic intracranial lesions in TBI. 6, [41] [42] [43] [44] However, no consistent relationship between such lesions and long-term outcome in MTBI has been demonstrated. For example, a study of focal intracranial lesions in MTBI using 3T MRI found that MTBI patients performed significantly worse on acute neurocognitive tests, with milder but detectable deficits at 1 year. 6 However, there was no significant correlation between focal intracranial lesions on conventional MRI sequences and neurocognitive deficits at any time point (2 weeks, 1 month, and 1 year postinjury). Another study showed no difference between MTBI patients with normal versus abnormal MRI, on the Rivermead Postconcussion Symptoms Questionnaire or in return-to-work status, at 6 months postinjury. 12 That MTBI patients with abnormalities on MRI have poorer outcomes is not especially surprising, as complicated MTBI (usually defined as acute intracranial hemorrhage on head CT, with skull fracture also included by some researchers) has been associated with poorer outcome in several prior studies. 34, 36, 37 What is unique about this study is the greater specification of types of lesions that may be predictive, the control for other predictors, the careful use of the TBI-CDEs to categorize the imaging findings, and the multicenter nature of the patient sample. We redemonstrate the exquisite sensitivity of MRI for small cortical contusions and hemorrhagic axonal injury, and show for the first time that such MRI features improve MTBI outcome prediction after controlling for demographic/socioeconomic, clinical, and CT features. The addition of both CT and MRI pathoanatomic features of SAH, contusion, and hemorrhagic axonal injury to a prognostic model of MTBI based on demographic/socioeconomic and clinical predictors alone results in a doubling of the explained variance in 3-month GOS-E.
Our results agree with prior work 4, 17, 18 that demonstrated the influence of socioeconomic factors on outcome in MTBI. Although we did not confirm age as a statistically significant predictor of outcome (odds ratio, 1.01/yr; 95% confidence interval, 0.99-1.02/yr; see Table  2 ), this may be attributable to the smaller number of patients in our study (135 patients) compared, for example, to a recent study of 2,784 MTBI patients that demonstrated a mild age effect (odds ratio, 1.02/yr) on longterm outcome. 39 Our finding that specific imaging markers are stronger predictors in MTBI than demographic factors such as age is a new finding. The finding that CT evidence of SAH and MRI evidence of contusion are strongly correlated suggests they are mechanistically associated, in contrast to MRI evidence of axonal injury, which was only weakly correlated with the other 2 imaging features. It is interesting to recall Strich's 53, 54 and Holbourn's 55 theoretical work, supported by postmortem observations 56, 57 and experiments by Gennarelli, 57 which showed that traumatic axonal injuries result from rotational acceleration and ensuing shear-strain deformation at interfaces between tissues of different density (eg, gray/white matter), in contradistinction to contusions, which were attributed to a different mechanism: transient, sudden in-bending of the skull with direct impact on the brain surface. 58 Our results support these different mechanisms for axonal injuries and contusions, and furthermore suggest that the latter mechanism also causes SAH.
Our multicenter study follows a cohort of 135 MTBI patients with highly diverse socioeconomic backgrounds and few exclusion criteria. Our approach is thus distinct from studies that have stringently excluded patients with potential confounding influences on outcome, such as history of prior head injury or advanced age. Although such studies are important, the high incidence of these features in the general population, and even greater incidence in those at high risk for TBI, may severely limit the generalizability of results from such studies. Our results on a natural cross section of MTBI patients at 3 LEVEL I trauma centers is complementary to such highly controlled studies. We analyzed factors across a range of domains, including socioeconomic, clinical, and demographic factors, using a truly multivariate approach to mitigate any spurious inferences of causality between outcome and any single predictive feature.
Triage of patients to undergo head CT was an inclusion criterion at all 3 enrollment sites. The 2008 ACEP/CDC evidence-based practice guideline (see Supplementary Table 1) , 23 incorporating both Canadian CT Head Rule 59 and New Orleans Criteria, 60 is applied by many ED physicians. However, there is undoubtedly variation in the practical application of these criteria. A major strength of our study is recruitment at geographically diverse LEVEL I trauma centers, which affords a better cross-sectional representation of average criteria employed across different hospitals. Our results should be viewed as relevant primarily to MTBI patients who meet ACEP/CDC ED criteria for head CT, and who thus generally have more severe injuries than MTBI patients who are not triaged to head CT. This is reflected in the 80% rate of LOC/PTA and 27% positive CT rate in our study population. We emphasize that many patients with abnormal MRI findings nonetheless have good outcomes, with 27% of patients with one or more brain contusions and/ or at least one focus of hemorrhagic axonal injury demonstrating a 3-month GOS-E of 8 (upper good recovery) and another 28% demonstrating a 3-month GOS-E of 7 (lower good recovery; Supplementary Fig 3) . We have shown that this is due in part to the contributions of predictors in other domains that may mitigate the negative effects of a structural brain injury on outcome after MTBI. It is also likely at least partly attributable to imperfect sensitivity of the GOS-E for subtle dysfunction.
In this study, identification of individual pathoanatomic features and their relationship to outcome constitutes progress toward evidence-based classification of injury severity, with improved categorization of diverse subgroups within the traditional MTBI population. We show for the first time that traumatic intracranial findings on conventional CT and MRI account for a significant portion of the variability in outcome in MTBI. Routine performance of brain MRI on MTBI patients may not currently be cost-effective. However, smaller, less costly head-only MRI scanners are under development. These among other continuing advances in MRI technology may ultimately render the expense and logistics of acute MRI scans less prohibitive. Finally, our results are a step toward standardized reporting of pathoanatomic features, employing the TBI-CDEs. Such standardization is a key prerequisite for progress in this field beyond mere definition of MTBI, toward evidencebased diagnosis based on proven correlations of objective biomarkers with patient outcome. [19] [20] [21] [22] grants pending, European Commission; speaking fees, GlaxoSmithKline; royalties, Cambridge University Press.
